Electrochemical immunosensor a b s t r a c t In this study, an efficient electrochemical biosensor for Vitamin-D 3 detection using gadolinium oxide nanorods (Gd 2 O 3 NRs) has been reported. Gd 2 O 3 NRs were hydrothermally synthesized and functionalized with aspartic acid (Asp-Gd 2 O 3 NRs). Asp functionalization did not change the phase, shape and structure of Gd 2 O 3 NRs. The high-resolution transmission electron microscopy study revealed the diameter of Asp-Gd 2 O 3 NRs as 14.26 ± 0.13 nm with enhanced dispersivity. The Gd 2 O 3 NRs and Asp-Gd 2 O 3 NRs showed zeta potential of +29 and +24 mV, respectively. Asp-Gd 2 O 3 NRs exhibited enhanced hydrophilicity and electrochemical property than the bare Gd 2 O 3 NRs. A thin film of Asp-Gd 2 O 3 NRs was deposited on a glass substrate coated with indium-tin-oxide (ITO) by electrophoretic deposition.
Introduction
In recent years, Vitamin D (Vit-D) has captured the attention of the present world as it is an important and deciding factor for bone health and its deficiency is prevalent in all age groups [1] . Vit-D plays an essential job in bone strengthening and a lower value of Vit-D causes rickets in children and osteomalacia in adults [2] . Various research reports and clinical studies showed that Vit-D deficiency might be associated with serious health problems including hypertension, Parkinson's, Alzheimer's, cardiovascular and cancer diseases [3] [4] [5] [6] [7] [8] . Vit-D is a fat-soluble secosteroid and have two main forms ergocalciferol (Vit-D 2 ) and cholecalciferol (Vit-D 3 ) [9] . Among two metabolic form, Vit-D 3 form is measured in serum samples and hence the preferable form over Vit-D 2 [10] . The various reports on Vit-D suggest the required level of Vit-D is about 30 ng mL -1 and the value lower than 30 ng mL −1 is associated with Vit-D deficiency [11, 12] . The conventional techniques used for detecting Vit-D concentration are enzyme-linked immunosorbent assay, mass spectrometry, chromatography, and radioimmunoassay etc. [13] [14] [15] . These techniques consume more time, require sophisticated instrumentation and are expensive so there is an increased demand for analytical techniques for Vit-D determination which should be reliable, selective, easy to operate, rapid and economical. Biosensor plays an important role in analytical sciences due to some exceptional capabilities like specificity, sensitivity, low cost, compact size and user friendly operation. Also, among the available transducer approaches electrochemical detection is fast, suitable, easy detection and cost-effective technique have been reported in the present study. The literature available regarding Vit-D detection is very limited and few research groups have reported sensors for determining Vit-D values.
The biosensors for 25-OH Vit-D detection was developed by Carlucci et al., 2013 by utilizing 4-ferrocenylmethyl-1,2,4-triazoline-3,5-dione derivative. The electrochemical parameters obtained were a sensitivity value of 0.020 A mL ng −1 and limit of detection (LOD) as 10 ng mL −1 with the electrochemical approach [16] . The Au electrodes used in SPR technique are costly and also experts are required for handling the instruments. The LOD obtained through electrochemical detection was 10 ng mL −1 that can be improved further to get a lower value. Other report was published by Ozbakir et al., 2015 which was based on an electrode which was modified with an enzyme and a detection range of 5-200 ng mL −1 was found for 25-OH Vitamin-D 3 [17] . This method follow a time consuming fabrication process as there is expression and purification of proteins which is complex and lengthy process. Further, Canevari et al., 2014 developed electrochemical sensor for Vit-D 3 determination using SiO 2 /GO/Ni(OH) 2 /GCE [18] and reported LOD of 3.26 × 10 −9 mol dm −3 (1.25 g of Vit-D 3 ). The electrode SiO 2 /GO/Ni(OH) 2 /GCE used for Vit-D 3 detection lacks in specificity as this detection method didn't use antibodies specific to Vit-D 3 but detected Vit-D directly through the catalytic activity of the material. In our lab, some preliminary work has been done for determination of Vit-D metabolites using electrochemical approach based on different nanomaterials. The nanomaterials were deposited on a glass substrate coated with indium tin oxide (ITO) and further used to immobilize antibodies and bovine serum albumin (BSA [20] .
Recently, applications of various rare earth metal oxide nanostructured (nRE-MO) materials in different fields, including materials science, bioscience and biotechnology have increased due to their interesting properties [21] [22] [23] [24] . Gadolinium oxide (Gd 2 O 3 ) is extensively explored because of its unique properties like high thermal conductivity, non-toxic, efficient charge transfer ability and interesting electrocatalytic properties [25] [26] [27] [28] . Hence, Gd 2 O 3 could be a suitable nanomaterial for electronics devices and it has a wide scope to explore its application in the electrochemical sensor [29] . Hydrothermally synthesized Gd 2 O 3 nanorods (Gd 2 O 3 NRs) have an advantage due to homogeneously grown anisotropic nanostructure with uniform shape [30] . Their well-controlled dimension and anisotropy of nanomaterials (1D) enable rapid charge transport along the axial direction that makes it suitable for electrochemical biosensor [20, 31, 32] . As the nanomaterials have a high tendency of agglomeration, the surface functionalization is required for potential biomedical applications [33] . Various reports were published on the surface functionalization of nRE-MO with an amine, carboxyl, and hydroxyl groups [34, 35] . The surface functionalization enhances the dispersivity, biocompatibility, electrochemical properties and interactions with biomolecules for their potential use in biosensor applications [36] [37] [38] . Many researchers have used different chemicals like poly ethylene glycol, oleylamine, (3-aminopropyl) triethoxysilane (APTES) and oleic acid, etc. for surface functionalization [39] [40] [41] . Chaudhary et al., 2015 reported the surface coating of Gd 2 O 3 NPs with different glycols having varied chain lengths ranging from ethylene glycol to tetramethylene glycol for p-nitrophenol sensing. However, proteins, amino acid and biopolymers were found to be more promising materials for surface functionalization of nanomaterials [41, 42] . Amino acids act as capping agents for nanomaterials in numerous biological applications [42, 43] . The various available amino acids along with asparticacid (Asp) have desired functional groups (carboxylic and amine) which provide sufficient binding sites and hydrophilic environment for biomolecules attachment [44] [45] [46] .
In this context, the present work describes the hydrothermal synthesis of Gd 2 O 3 NRs and functionalization with Asp (Asp-Gd 2 O 3 NRs). These Gd 2 O 3 NRs and Asp-Gd 2 O 3 NRs were characterized by different techniques. A thin film of these Asp-Gd 2 O 3 NRs was deposited on ITO via electrophoretic deposition (EPD) technique and used for immobilization of monoclonal antibody of Vit-D 3 (Ab-VD). This constructed BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode was used for Vit-D 3 detection using differential pulse voltammetry (DPV) technique. DPV is considered as highly sensitive and extremely useful technique for detection of trace levels of analytes [47, 48] . This electrochemical biosensor exhibited the improved sensitivity, specificity and detection range towards the Vit-D 3 as compared to other reported biosensor in the literature (Table 1 ). This report based on Asp-Gd 2 O 3 NRs for 
Synthesis and surface functionalization of Gd 2 O 3 NRs
Gd 2 O 3 NRs were prepared using a precipitation process at room temperature and aging of the precipitate under hydrothermal conditions [30, 49] . During synthesis, 0.2 M of Gd(NO 3 ) 3 solution [4.11 g of Gd(NO 3 ) 3 in 60 mL DI] was continuous stirred at 40 • C. NaOH (1 M) solution was added drop wise into Gd(NO 3 ) 3 solution until pH reached up to 10 and white precipitates formed. The resulting solution was further stirred for another 3 h and then transferred into a hydrothermal vessel and kept at 180 • C for 24 h. The product was washed 3-4 times with DI water and ethanol (50%) via centrifugation at 5000 rpm for 30 min. The final precipitates of Gd 2 O 3 NRs were obtained and dried by maintaining a temperature of 80 • C for 12 h.
For surface functionalization, Gd 2 O 3 NRs (5.5 mM) were dispersed in 50 mL DI water under sonication condition [temperature (30 ± 5 • C), frequency (40 KHz), and power (100 W)] for 1 h. An aqueous solution of Asp (50 mL; 15 mM) was added drop wise almost 1drop per 2 s in the uniformly dispersed Gd 2 O 3 NRs (50 mL) and stirred for 5 h at room temperature. Asp-Gd 2 O 3 NRs were washed thrice using DI water and ethanol repeatedly using centrifugation at 5000 rpm for 30 min and dried at 60 • C for 12 h. Asp was conjugated on the surface of Gd 2 O 3 NRs via electrostatic interaction between the positively charged surface of Gd 2 O 3 NRs (zeta potential, +29 mV) and negative terminal (COO − ) of Asp.
In vitro cytotoxicity assay
The cytotoxicity (in vitro) of Gd 2 O 3 NRs and Asp-Gd 2 O 3 NRs with the varying concentration of both NRs from 62.5-500 g mL −1 was evaluated on Raw-264.7 and MCF-7 cells using MTT assay. For this study, the cells were maintained in a complete growth medium DMEM with 10% FCS at a temperature of 37 • C with humidified 5% CO 2 environment. The cells were plated at 10 × 10 3 cell/well in 96-well tissue-culture plate having DMEM media for this assay and left to grow for 24 h. The well dispersed suspension of NRs in DI water was prepared by sonication. After the completion of 24 h, medium was changed and the well dispersed suspension of NRs was poured to the growth medium of the cells at a concentration of 62.5, 125.0, 250, 500 g mL −1 and incubated for 24 h under same condition. After 24 h the cells medium was replaced with MTT in DMEM without phenol red. The incubation of 3-4 h was further given to cells at 37 • C and allowed to reduce the MTT dye to the crystals of formazan. The formation of formazan was obsrved under inverted microscope after addition of MTT. The solubilisation of formazon was done in 100 L of DMSO and absorbance was measured at 570 nm. The value of absorbance gives an indication of the cell proliferation. The calculation of relative cell viability was done with respect to cells that were not given treatment of NRs (control 0%). The NRs concentration was used in triplicate using three independent wells and each experiment was repeated three times, and then calculation of average cell viability was done.
Electrophoretic deposition (EPD) of Asp-Gd 2 O 3 NRs onto ITO surface
A colloidal suspension of Asp-Gd 2 O 3 NRs (5 mg) was prepared using acetonitrile and ethanol solution in 3:2 volume ratios by sonication for 1 h. EPD was done on hydrolyzed ITO substrate using two electrode systems in which ITO acted as anode and a platinum wire as a cathode. The two electrodes were placed parallel to each other at 1 cm apart and colloidal solution of Asp-Gd 2 O 3 NRs (4 mL) and 10 L of magnesium nitrate solution (0.5 M) were added in the cell. The uniform deposition of a film on ITO was done at an optimized voltage (40 V) and time (3 min). These Asp-Gd 2 O 3 NRs/ITO electrodes were rinsed with DI water so that unbound material got remove and then dried overnight at 25 • C. 
Immobilization of biomolecules on Asp-Gd 2 O 3 NRs/ITO electrode

Preparation of spiked samples
The spiked samples were prepared using Vit-D 3 oral solution (Vit-D 3 -OS) (De Pura), a product of Sanofi Pvt. Ltd. Different spiked samples were prepared by mixing 5 L of the standard sample and 5 L of Vit-D 3 -OS. 10 L of each concentration was used for measurement.
Characterizations
The crystalline properties and structure of synthesized To measure the surface charge, electrophoresis light scattering was done (model ZC-2000, Microtec, Japan). The surface potential () of sphere carrying charge in colloidal solution (in D.I.) was measured and theoretically the approximation of value expresses the zeta potential (Z) as given by the equation below:
In this equation, represents the surface charge density of the particle, and give Debye-Huckel parameter and dielectric constant of the solution, respectively. PARSTAT (Princeton Applied Research; MODEL: PMC CHS08A -PARSTAT Multichannel (PMC) Chassis) instrument was applied during all electrochemical studies for BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO using three electrode systems. Here, Ag/AgCl taken as a reference electrode and platinum as a counter electrode while the fabricated BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode used as working electrode. All electrochemical studies were carried out using electroanalytical techniques including differential pulse voltammetry (DPV) and cyclic voltammetry (CV) in PBS (0.1 M, pH 7.0, 0.9 % NaCl) with 5 mM of [Fe(CN) 6 ] 3−/4− .
3.
Results and discussion
X-ray diffraction studies
The pattern of XRD for Gd 2 O 3 NRs & Asp-Gd 2 O 3 NRs is shown in Fig. 1(a at 2 = 28.56 • and the Scherrer formula was used for this calculation as given below:
Where = 1.540 Å is X-ray wavelength, is the Bragg's diffraction angle and ␤ is the value of full width at half-maxima (angular width in radians).
Transmission electron microscopic studies
TEM studies were employed to confirm the morphologies of the Gd 2 O 3 NRs and Asp-Gd 2 O 3 NRs [ Fig. 2 (a-f) 
Zeta potential study
Zeta potential measurement study was done to find out the electrical potential of 
In vitro studies of Gd 2 O 3 NRs and Asp-Gd 2 O 3 NRs
The cytotoxicity of Gd 2 O 3 NRs and Asp-Gd 2 O 3 NRs with the varying concentration of both NRs from 62.5 to 500 g mL −1 was evaluated in vitro on Raw 264.7 and MCF-7 cells using MTT assay [ Fig. 3A (a, b) ]. The cells ability to reduce MTT to formazon crystal at all concentrations of NRs was monitored in comparison to control cells (0 % -without NRs). The MTT assay results revealed that the cells are viable up to 80% with both NRs even at higher concentration of 250 g mL −1 . Further, increase in the concentration (500 g mL −1 ) of both NRs, the percentage cell viability obtained was 73 % for Raw 264.7 cells and almost 60 % for MCF-7 cells. These results indicated that both types of NRs under this range can be used for any biomedical application. 
Contact angle measurements of Gd 2 O 3 NRs/ITO and Asp-Gd 2 O 3 NRs/ITO electrodes
Field emission scanning electron microscope studies
The morphological investigation of fabricated Asp- 
3.7.
Fourier transform infrared spectroscopic studies Fig. 3C shows the FT-IR spectrum of (a) Asp, (b) Asp-Gd 2 O 3 NRs/ITO (c) Ab-VD/Asp-Gd 2 O 3 NRs/ITO (d) BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode. Curve (a) represents the FT-IR spectrum of Asp showing one peak at 1604 cm −1 and another peak in 1400-1300 cm −1 range due to NH 3 + and COO − of amino acid [55] . The FT-IR spectrum of Asp-Gd 2 O 3 NRs/ITO electrode (curve b) exhibits a characteristic peak at 545 cm −1 and reasons of this peak is the symmetric stretch of Gd O bond. A signature peak at 1068 cm −1 attributed to C N stretch (C NH 2 ) in primary amines. Moreover, IR peaks in the range of 1530-1490 cm −1 were assigned to deformation of amino acid (NH 3 + ). These results indicated the presence of Asp on Gd 2 O 3 NRs surface and supported the functionalization process. Also, the decreased IR peak intensity in the range of 1400-1300 cm −1 reveals the binding of COO − of Asp with Gd 3+ ions on the surface of Gd 2 O 3 NRs. Besides this, IR peak at 850 cm −1 was assigned to NH 3 + groups of Asp onto Gd 2 O 3 . However, Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode (curve c) exhibits the two sharp peaks appearing at 1590 and 1410 cm −1 are assigned to NH 3 + of 1 0 alkyl amides (amide II bond between COO − of Ab-VD and NH 3 + of Asp) and C N stretch in 1 0 amides (amide III bands), respectively [55, 56] . Besides this, the broad IR peak centered at 3345 cm −1 corresponds to OH stretching [57] . The peaks at 1590 and 1410 cm −1 merged with reduced intensity (curve d) and at 850 cm −1 (NH 3 + groups of Asp-Gd 2 O 3 ) completely gone which confirms that the nonspecific sites on immunoelectrode get blocked by BSA. These results confirm the successful biomolecules (Ab-VD and BSA) immobilization and modification of electrode (Asp-Gd 2 O 3 NRs/ITO).
4.
Electrochemical studies
Effect of pH and scan rate
The pH value of an electrolytic solution influences the electrochemical response of immunosensor. So, the effect of pH on the response of BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode was observed with different pH solution ranging from pH 6.0 to 8.0. DPV technique was used to observe the effect of pH in PBS solution containing [Fe(CN) 6 ] −3/−4. The potential range of −0.2 V to +0.6 V with a pulse width of 50 ms and a pulse height of 25 mV was applied for DPV study and maximum value of peak current was at pH 7.0 [ Fig. S2 ]. So, whole electrochemical studies were done at pH 7.0 of electrolyte solution under similar conditions. Interface kinetics of Asp-Gd 2 O 3 NRs/ITO and BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode was observed at different scan rate (10-100 mV s −1 ) [Fig. S3 ]. The value of anodic peak current (I a ) and cathodic peak current (I p ) linearly increased with the increase the scan rate for both electrodes suggesting a quasi-reversible or slow electron transfer kinetics.
Electrochemical comparison of modified electrodes using DPV technique
DPV response of each modified electrodes (i) ITO (ii) Gd 2 O 3 NRs/ITO (iii) Asp-Gd 2 O 3 NRs/ITO (iv) Ab-VD/Asp-Gd 2 O 3 NRs/ITO and (v) BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO were analyzed to compare the electrochemical behavior in the potential range of −0.2 V to +0.6 V. During DPV measurements a pulse width of 50 ms and a pulse height of 25 mV were applied [ Fig. 4 ]. A significant decrease in I value for Gd 2 O 3 NRs/ITO electrode (37.46 A; curve ii) was observed as compared to ITO (113.62 A; curve i). These results indicate that the deposited layer of Gd 2 O 3 NRs onto ITO surface retards the transfer of electrons at the electrode/electrolyte interface due to less conductivity of Gd 2 O 3 NRs as compared to bare ITO electrode [50] . However, I value of Asp-Gd 2 O 3 NRs/ITO electrode increased (81.37 A; curve iii) as compared with Gd 2 O 3 NRs/ITO electrode. This increase in I value is due to sufficient functional groups available on Asp-Gd 2 O 3 NRs/ITO electrode surface which provides a continuous conduction path for electrons flow generated from oxidation/reduction of the [Fe(CN)6] 3−/4− redox species [58] . After the immobilization of Ab-VD on Asp-Gd 2 O 3 NRs/ITO, an increase in I was observed (89.37 A; curve iv). This increase may be due to electrostatic interaction that is present on free sites of Ab-VD (NH 3 + ) and redox species present in the electrolyte which facilitates the electron diffusion by shortening the tunneling distance between Ab-VD and Asp-Gd 2 O 3 NRs/ITO electrode surface [59, 60] . A similar increase in I value after AB immobilization has been previously observed in some reports [43, 61] . 
Response studies of BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode
Incubation time study was performed to check the response of BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode with a fixed Vit-D 3 concentration (10 ng mL −1 ) and variation of time from 0 to 20 min (at an interval of 3 min). The immunocomplex formation at immunoelectrode depends on the time and specificity of interaction of Ab-VD with Vit-D 3 . Fig. 5A (a) shows the magnitude of I increases with time up to 20 min after that it gets saturated. So, 20 min was used for immunochemical interaction of Ab-VD and Vit-D 3 for response study.
The electrochemical performance of BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode with different concentrations of Vit-D 3 (10-100 ng mL −1 ) was recorded using DPV technique [ Fig. 5A (b) ] under similar conditions. The value of I increased linearly in each step with the increase in the concentration of Vit-D 3 at the interface of electrode/electrolyte. This can be assigned to the specific binding of antibody and antigen (Ab-VD and Vit-D 3 ) [62] . Due to this binding a rearrangement occurred at electrode surface which facilitate the transfer of charge via [Fe(CN) 6 ] 3-/4and resulted in the increase of current value [63, 64] . Moreover, the differences of isoelectric point (IEP) values between immunoelectrode (net IEP will change upon antigen attachment to immunoelectrode) and available redox species in the buffer [65, 66] . The calibration curve was plotted between Vit-D 3 concentrations and I values [ Fig. 5A (c) ] and results revealed that BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode respond linearly in the range of 10-100 ng mL −1 . Also, the other electrochemical parameters obtained as the sensitivity of 0.38 A ng −1 mL cm −2 with LOD of 0.10 ng mL −1 and regression coefficient (R 2 ) 0.99. To calculate the value of LOD, formula 3/m was used, m indicates slope of the calibration curve and indicates the standard deviation from the blank signal.
This fabricated immunosensor shows linearity in the physiological range of Vit-D 3 (10-100 ng mL −1 ) and better as compared to the reported Ab-25OHD/SPE/FMTAD electrode linearity (5-50 g mL −1 ) [16] . Also, the LOD value of fabricated immunoelectrode was 0.10 ng mL −1 which is better than reported for previous 25OHD/SPE/FMTAD electrode (1000 ng mL −1 ). The biosensing parameters of present immunosensor were compared with the other reported biosensors [ Table 1 ].
The estimation of binding affinity between Ab-VD and Vit-D 3 on the surface of the BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode, Hanes-Woolf plot was used [ Fig. 5A (d) ]. The Hanes-Woolf plot is a plot between [Vit-D 3 conc.] and [Vit-D 3 conc./ I value] that gives the binding affinity regarding the dissociation constant (K d ) [67] . A smaller value of K d was attributed to the higher affinity of the immunoelectrode for Vit-D 3 . The value of K d was found to be 0.0578 ng mL −1 , calculated by dividing the intercept by slope value of Hanes-Woolf plot. This low value of K d indicates the strong binding affinity of Vit-D 3 towards BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode [61, 68] .
The control experiment was performed using bare ITO to check the benefits of Asp-Gd 2 O 3 NRs. Ab-VD and BSA were immobilized onto ITO surface (without Asp-Gd 2 O 3 ) under the same condition. The response was monitored for different concentrations of Vit-D 3 from 10 to 100 ng mL −1 . It was observed that the I was increased for 10-20 ng mL −1 after that no change in I observed or even decreased from 30 to 100 ng mL −1 [Fig. 5B ]. These results suggested that the bare ITO not supported for immunosensor as sufficient antibodies were not immobilized onto the ITO surface due to lack of appropriate functional group. Hence, the Asp-Gd 2 O 3 NRs provide more specific surface area and abundant availability of functional group for the binding of higher amounts of Ab-VD. These Asp-Gd 2 O 3 NRs not only help in immobilizing Ab-VD, but also improves the biosensing parameters (detection range and LOD limit with better stability).
The response of BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode was also monitored with the commercially available Vit-D 3 -OS, with varying concentration of 10-100 ng mL −1 using DPV technique under similar conditions. During the measurement, 10 L of each concentration of the spiked samples were used, which were prepared by mixing of 5 L of Vit-D 3 and 5 L of Vit-D 3 -OS. Fig. 6A (a) shows the variation of DPV response BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode with different concentration of spiked samples. The magnitude of I increased slightly with the spiked samples as compared to with Vit-D 3 . The calibration curve was plotted between Vit-D 3 -OS concentrations and I values [ Fig. 6A (b) ] and was found that BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode responded in a range of 10-100 ng mL −1 . The other parameters calculated were sensitivity of 0.85 A ng −1 mL cm −2 , LOD 0.781 ng mL −1 and regression coefficient (R 2 ) 0.96. It has been used in 10-100 ng mL −1 range of analyte and performed well up to 50 ng mL −1 . Although, it can detect up to 70 ng mL −1 but the linearity was good for 10-50 ng mL −1 range. Fig. 6A (c) shows a comparison of I obtained for the standard Vit-D 3 samples and spiked samples. The response was found satisfactory with the relative standard deviation (% RSD) varies from 0.44% to 4.58%. Thus, this electrode can be used for the detection of Vit-D 3 in the range of 10-100 ng mL −1 in the presence of other biological components.
Immunoelectrode characterization
The specificity of BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode was observed with other metabolites present in serum sample like ascorbic acid (AA; 0.1 mM), cholesterol (CH; 4 mM), glucose (GLU; 4 mM), oxalic acid (OA; 1 mM), urea (2 mM) and uric acid (UA; 0.5 mM). During this study, each individual interferent (10 L) was added in the electrolyte in presence of a fixed conc. of Vit-D 3 (10 ng mL −1 ). The electrochemical response was observed in term of I values for each interferent. Fig. 6B (a) shows the bar graph of I values with respective interferents observed from DPV response. There was no significant change in the I value after the treatment of BSA/Ab-VD/Asp-Gd 2 O 3 NRs/ITO immunoelectrode with interfering compounds. The shelf-life of immunoelectrode was also observed at a regular interval of 7 days up to 8 weeks using DPV technique under similar experimental conditions to check its stability. Fig. 6B (b) shows the graph between the value of I and time interval (weeks) and it was found that there was no significant Reproducibility and repeatability of immunoelectrode were also observed using DPV techniques under similar conditions. Relative standard deviation value (RSD) values for reproducibility and repeatability were 2.32% and 1.83% which was in the acceptable range [Supplementary data; Fig. S4 ]. 
Conclusions
In summary, Gd 2 O 3 NRs were synthesized using hydrothermal method and successfully functionalized with the Asp without any change in the phase. However, the size of Asp-Gd 2 O 3 NRs was slightly increased as observed by XRD and TEM results. 
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